We instrumented six dog hearts in vivo to study the relationship between left and right ventricular diastolic pressures with the pericardium closed and open. We measured left ventricular septum-to-free wall and anterior-posterior and right ventricular septum-to-free wall dimensions with implanted ultrasonic crystals, together with simultaneous high fidelity pressures. We varied diastolic pressure by infusing or withdrawing Mood or by increasing right ventricular afterload with transient pulmonary artery constriction. Although left and right ventricular diastolic pressures always correlated, this correlation was significantly higher with the pericardium closed than open. We fit left ventricular dfautolic pressure to an equation whkh included first order right ventricular pressure and fourth order left ventricular dimension terms. With the pericardium closed, the right ventricular pressure term dominated; with the pericardium open, left ventricular dimension terms dominated. Therefore, with the pericardium closed, right ventricular pressure was a more powerful predictor of left ventricular pressure than were left ventricular dimensions. In addition, the left ventricle appears much more compliant with the pericardium open. These results led us to modify the traditional view of the diastolic left ventricle as an unconstrained elastic shell of myocardium and replace it with a concept of the diastolic heart as a composite shell of stiff pericardium and compliant muscle, divided into subcompartments (ventricles) by the relatively compliant septum. The influence of the pericardium on the diastolic pressure-volume relationship should be considered in experiments on animals and patient management when the pericardium is open or closed.
BERGLUND ET AL' suggested that the pericardium plays an important role in determining systolic function through its effects on the diastolic pressure-volume relationship. Spotnitz and Kaiser* demonstrated that the pericardium influences left ventricular filling pressure even at small volumes. Even so, virtually all contemporary studies of the heart's diastolic properties 3 "" tacitly or explicitly treat the pericardium as a flaccid sac which encloses the heart and exerts important effects only at very large diastolic volume. A few workers used excised 7 -8 or isolated beating 9 "" hearts with independent right and left ventricular loading to find a direct mechanical pressure coupling between the ventricles through the interventricular septum. These investigators stated that this coupling did not depend on the pericardium, but Elzinga et al. 10 noted that leaving the pericardium closed tightened the pressure coupling. Our study integrates these lines of research by examining continuous ventricular dimensions and pressures in the in vivo dog heart. In contrast to earlier workers, we believe that the diastolic heart should be viewed as a whole, as a composite pericardium-myocardium shell, in which the pericardium plays the dominant role in determining diastolic pressure.
Theory
The traditional concept of the left ventricle during diastole considers it an unconstrained shell whose internal pressure depends on the wall muscle elasticity and mass and the ventricle's geometry. In the normally perfused VOL. 42, No. 3, MARCH 1978 heart, muscle elasticity and wall mass remain constant, so left ventricular diastolic pressure, PL, becomes a function, G, of geometry alone: P L = G(d LS ,d LA ) (1) where dLS equals left ventricular dimension, measured from the septum to the free wall, and dLA equals left ventricular dimension, measured from anterior to posterior wall. To include potential effects of right ventricular pressure 8 "" in our quantitative analysis, we added terms to Equation 1 representing first order coupling between the right and left ventricular pressures: PL = [KPR + K 0 ] + G(dLs.dLA) (2) where PR equals right ventricular diastolic pressure and the constant K is the coupling coefficient. If the first term, KP R + K 0 , dominates Equation 2, it would suggest that the direct coupling between the two pressures is the most important effect on left ventricular pressure during diastole, whereas, if the second term dominates, it would suggest that, in agreement with traditional concepts, left ventricular geometry is the dominant factor determining left ventricular diastolic pressure.
Methods

Preparation of Experimental Animals
We anesthetized six mongrel dogs (17-26 kg) with intravenous sodium pentobarbital (20 mg/kg), then intubated and ventilated them (Harvard Apparatus) with room air and supplemental oxygen to maintain arterial P02 between 80 and 150 mm Hg. We infused morphine sulfate (1.0-1.5 mg/kg per hr) and succinyl choline (600 /xg/min, iv). We maintained pH within normal limits by adjusting the ventilator or infusing sodium bicarbonate.
After completing a median sternotomy to expose the heart and gTeat vessels, we incised the pericardium longitudinally along the midline from the aortic root to the most inferior portion of the heart. After administering heparin (300 U/kg), intravenously, we placed venous drainage cannulae in the superior and inferior venae cavae and a perfusion cannula through the right ventricular outflow tract into the pulmonary artery. We used an Olson emergency pump (Olson Medical Products) primed with heparinized blood from a donor dog. With the dog's right heart bypassed, we made a 4-to-5-cm transverse incision in the right ventricle, taking care not to damage the epicardial blood vessels, and exposed the interventricular septum. Taking care to avoid interference with the papillary muscles, we sutured two ultrasonic pulse-transittime transducers" to the septum, one directed toward the left ventricular lateral wall and the other facing the right ventricular free wall. We closed the incision in the right ventricle with a running suture through the entire thickness of the ventricle, followed by a second layer of suture through the epicardium. It is important to note that all data were recorded after suturing the right ventricle closed. Therefore, even if this suture line altered the right ventricular diastolic pressure-volume curve, this effect was constant, whether the pericardium was open or closed; it will not change qualitative conclusions about changes which accompany opening the pericardium. This bypass procedure lasted 15-25 minutes. We administered protamine sulfate (1-2 mg/kg) to neutralize the heparin and waited until the dog appeared hemodynamically stable before proceeding.
Ultrasonic transducers placed in the left ventricular lateral wall and on the right ventricular free wall received signals from the transducers on the septum. Since both septal transducers were located on its right side, we inserted the left ventricular lateral wall transducer almost to the endocardium and sutured the right ventricular free wall transducer to the epicardium to minimize any effects of septum thickness. The third pair of transducers was then placed in position in the left ventricular anterior and posterior walls. One pair recorded distance from the interventricular septum to the left ventricular lateral free wall, dLs; the second, interventricular septum to right ventricular free wall, dRs; and the third, left ventricular anterior-posterior dimension, dLA. These dimensions approximate left and right ventricular minor diameters.
High fidelity solid state miniature pressure transducers (Konigsberg Instruments, model P-22) placed through the left and right atrial appendages into the respective ventricles provided continuous pressure recordings. Fluid-filled catheters connected to external transducers (Stathan P23Db, Hato Rey, Puerto Rico) were used to record pressures in the aorta continuously and in both ventricles to determine zero diastolic pressure. These pressures and dimensions, in addition to the electrocardiogram, were recorded on a direct writing strip chart recorder (model M28; MFE Corporation), a tape recorder (model 5600C; Honeywell Instruments), and a photographic recorder (model 1858, Honeywell Instruments).
We used a running suture to reapproximate the pericardium's edges, taking care not to diminish the original pericardial size. We permitted no overlap of pericardial edges and left a space 1-to 3-mm wide between the edges, so myocardium was visible through the entire length of the suture line. We left this gap to avoid artificially constricting the heart; if anything, the procedure loosened the pericardium and, hence, diminished its effect on the ventricles. This gap also permitted any blood which might accumulate within the pericardial sac to escape easily between the sutures or through the opening left in the pericardium at the aortic root. We checked periodically for fluid accumulation and did not find any.
The six flexible braided stainless steel wires from the ultrasonic transducers exited through the gap between the pericardial edges at convenient places. We stopped the suture line a short distance above the level of the aortic and pulmonary valves, leaving the most superior 2-3 cm of the pericardial incision open. A snare around the pulmonary artery exited through this opening.
Blood was infused or withdrawn through a catheter in a jugular vein with a reversible peristaltic pump (model 1202; Harvard Apparatus Co.).
Protocol
Blood was infused into the external jugular vein and data were recorded at various blood volume levels. All measurements were made with the ventilator stopped at end expiration. After reaching high (25-35 mm Hg) left ventricular end-diastolic pressures, we reversed the pump to withdraw blood until approximately baseline end-diastolic pressure was restored.
The pericardium was then opened by cutting the suture and the loading protocol was repeated. With the pericardium open, however, we could not reach the high diastolic pressures observed with it closed.
In five dogs, we performed a second cycle of volume loading and unloading with the pericardium closed, after the protocol with the pericardium open had been completed.
In five dogs, an additional experiment was performed by transiently constricting the pulmonary artery by gradually tightening the snare encircling it. This procedure was performed with the pericardium both closed and open.
On completion of the experiment, autopsy confirmed transducer placement and confirmed that no blood or clot was present within the pericardial sac.
Statistical Analysis
We digitized all data manually, using the photographic recorder output. We digitized Pi., PK, dus, di.A, and d«s at four times during diastole for each beat we analyzed: (I) the time of minimum Pi,, (2) left ventricular end-diastole (the instant before the systolic pressure upstroke began, or, if present, the minimum pressure following the a wave), (3) a point midway in time between these two points, and (4) a point one-quarter between the minimum pressure and end-diastolic times. We completed this process for five stable, consecutive (or near consecutive) beats under different experimental conditions.
After trying an assortment of sums, powers, and products of the two independent variables, we found that different combinations best described the data obtained in different dogs for G(di.s,dLA) in Equation 2. Because of these difficulties, we decided not to specify a specific form for G, but approximate it with the equivalent Taylor series' 3 truncated after the fourth order terms.
in which the subscripts S and A indicate partial derivatives of G with respect to d l-s and d,^ evaluated at d^ = 0 and di.A = 0, respectively. For example,
Gs = dG/ddL.s (4) and
Gss A = ^G/a^dLsddLA (5) We truncated the Taylor series after the fourth order terms because a fourth order approximation provided close agreement with Glantz and Kernoff s w theoretical pressure-volume relationship over the pressure range under study. Hence, we transformed the problem of estimating G(di.s,dui) into one of estimating the values of the partial derivatives in Equation 3. To simplify the notation, we defined the constants These steps reduce the problem of determining the relationship between left ventricular pressure, PL, and right ventricular pressure, PK, and left ventricular geometry (represented by 6LS and dLA) to estimating the relative importance of the pressure coupling coefficient, K, and the geometric factors b 0 , bs, b A b AAAA . We used the Statistical Package for the Social Sciences, Version 6.50,' 5 to perform all statistical tests.
Given Pi., PK, di.s, and dL A , one can estimate K and the b's in Equation 7 by treating it as a multiple linear regression problem. To estimate these parameters and investigate their relative importance in explaining variance in PL, we used subprogram REGRESSION 16 with METHOD = STEPWISE, FIN = FOUT = 3.8, TOL = 0 and inclusion level one. This combination of parameters instructs SPSS to add the variables in Equation 7 one at a time in decreasing order of ability to reduce further the unexplained variance in PL. In addition, if combinations of variables added on subsequent steps make a previously entered parameter's contribution to explaining variance in P L insignificant because of colinearity, it is removed from the regression equation. The subprogram stops when all variables in the equation are significant (P < 0.05), and no variables not in the regression equation could decrease the unexplained variance significantly (P > 0.05). In most cases, the variables in the final equation were highly significant (P < 0.0005), while those not entered did not approach significance (P > 0.2). In addition to the regression coefficients, the program provides the multiple correlation coefficient, R, the fraction of variance in P L explained, R, and the increment in R associated with each independent variable. We summed these increments in R to compute the fraction of variance in P L explained by right ventricular pressure, R£, and the fraction of variance explained by left ventricular geometry, R£'
We separately analyzed data from each dog with the * For a detailed description and justification of this procedure, see pericardium closed and pericardium open. In dog 2, one crystal failed after opening the pericardium; this situation prevented analysis of left ventricular geometry in this dog with the pericardium open. In dog 6, one of the ultrasonic dimension crystals dislodged while we were closing the pericardium before the second cycle of loading and unloading, and this crystal was reinserted in the same location in the ventricular wall. We analyzed data from dog 6 taken before and after the crystal replacement separately; these results are denoted dog 6, and dog 6 2 .
We used subprogram SCATTERGRAM to generate Figures 2 and 3. Figure 1 shows the tracings of the left and right ventricular pressures and dimensions in one experiment with the pericardium closed. Taking the product of the two left ventricular diameters as an index of size, Figure 2 shows that PL increases as the left ventricle gets bigger, but much more with the pericardium closed than with the pericardium open. Except at very low pressures, the pressuredimension curve measured with the pericardium closed always differs substantially from that observed with it open. At high filling pressure with the pericardium closed, the left ventricle was smaller than it was at much lower pressure with the pericardium open. Even at physiological end-diastolic pressures below 8 mm Hg, opening the pericardium led to a larger heart at a given pressure. Figure 2 also illustrates that, at diastolic pressures of 8 mm Hg, the left ventricle is substantially bigger with the pericardium open than with it closed. This observation is left panel shows a typical set of data recorded with the pericardium dosed. ECP denotes endocardia! potential; the text  defines the other symbols. The right panel, recorded at a slower paper speed, shows the effects of a transient pulmonary artery constriction (PA): the septum moves leftward making the right ventricle larger and the left ventricle smaller. Nevertheless, left ventricular diastolic  pressure (the dark band on the high gain tracing) 
Results
increases slightly. (The top three high-speed tracings have been traced by hand to darken them.)
similar to data Hefner et al. 17 obtained from dog hearts. During volume loading or withdrawal, left and right ventricular diastolic pressures were always tightly coupled ( Fig. 3 and Table 1 ). However the coupling intensity, quantified by the correlation coefficient, r, dropped in each dog when the pericardium was opened (P < 0.0005). In addition, the slope, k, of the linear relationship between Pi. and PK always increased when the pericardium was opened.
The dog-to-dog variability in the slopes and intercepts in Table 1 probably results from differences between the specific dogs' hearts, rather than variability in the intensity of pressure coupling. We reached this conclusion by examining the coefficient, /3, in the normalized regression equation 
and P and s represent the mean and standard deviation of the pressure measurements for each dog. By normalizing both variables according to Equation 9 and 10, we could relate variance in one parameter to the other. For example. /3 = 0.9 means that, when P H varies by 1 SD, P L varies by 0.9 SD. This examination detected no significant differences in the value obtained between dogs with the pericardium closed (P < 0.1), although there was significant variability with the pericardium open (P < 0.001).
These results suggest that the nature of the coupling depends much more on the individual heart when the pericardium is open than when it is closed. The coupling between the two ventricular pressures probably is slightly nonlinear. We divided pressures recorded with the pericardium closed into two groups for each dog based on whether left ventricular diastolic pressure, PL, exceeded the mean value observed in that dog. Then we computed linear regression equations for each of these data subsets. Table 2 shows that the higher pressure segments were fit with straight lines whose slope tended to be closer to one than the straight lines fit to the lower pressures. In addition, in all six dogs, the correlation coefficient increased when one moved from the lower pressure to the higher pressure data, indicating tighter coupling between the two ventricular pressures at higher pressures.
The right panel of Figure 1 shows that the heart's geometry and pressure changed during transient pulmonary artery constriction produced by tightening an encircling snare. The right ventricle immediately expanded (dns increased) and the left ventricle shrank (dts and di.A decreased) as right ventricular diastolic pressure increased and the septum was displaced to the left. If the left ventricle behaved as an unconstrained elastic shell, an acute decrease in left ventricular size always would be accompanied by a decrease in left ventricular diastolic pressure. Despite the decrease in left ventricular size during pulmonary artery constriction, PL increased. Note the slow progressive increase in minimum diastolic and end-diastolic pressures (the lower and upper bound of the dark band on the high-gain PL tracing), then the slow return to normal diastolic pressures following release of the constriction. Figure 4 and Table 3 illustrate one of our most striking results: in six of six dogs, when the pericardium was closed, the right ventricular pressure coupling, *, in Equation 7 accounted for all or almost all the explained variance in left ventricular pressure, with left ventricular dimensions per se playing little or no role. This situation reversed on opening the pericardium in all six dogs; left ventricular geometry became the major determinant of left ventricular diastolic pressure with right ventricular pressure coupling playing little or no role. One must know both dus and di.A to obtain these results; a single dimension does not contain enough information.
Discussion
These results lead us to modify the view that the diastolic left ventricle is an unconstrained elastic shell whose properties depend predominantly on its passive muscle properties and geometry. Instead, the entire heart should be considered to be a two-layer composite shell in which a relatively elastic layer of free wall ventricular muscle is applied to the interior of a much stiffer outer shell -the pericardium. The relatively elastic septum divides this composite shell into the two ventricles. The left and right ventricular pressures, P L and P R , are tightly coupled when the pericardium is closed, with the slope of the straight line relating these two pressures slightly above 1.0 ( Table 1 ). If the diastolic pressure-dimension relationship depended only on the composite shell's pericardia! layer, the resulting pressure increments on each side of the heart would be equal and the slope of the P L vs. P R curve would be 1.0. The fact that the slope exceeds 1.0 means that, for each increment in volume, P L increases more than P R . This greater pressure change on the left side reflects the fact that the left ventricular muscle is thicker than that of the right ventricle. Since the heart acts as a composite shell of muscle and stiffer pericardium, the difference in wall thickness between the right and left ventricles makes only a small difference in the pressure generated within each subcompartment (i.e., ventricle) of the pericardial-myocardial shell. As pressure increases and the heart expands, the pericardium moves on to a very steep part of its pressure-volume curve 18 and produces tighter coupling between P L and P R that tends to equalize the pressure increments ( Table 2 and Fig. 3A ). In addition, since left ventricular diastolic pressure does not depend just on left ventricular geometry (Table 3) , simple volume loading shifts the diastolic pressure-volume curve.
With the pericardium open, however, wall muscle is the major determinant of diastolic pressure (Table 3 and Fig.  4 ). This fact explains why Noble et al. 19 found that volume loading produced points along a single diastolic pressurevolume curve in closed-chest dogs in which the pericardium had previously been opened. Since the left ventricle is thicker than the right ventricle, each volume increment increases left ventricular pressure more than right ventricular pressure. Without the pericardium's constraining action, the importance of differences in wall thickness becomes greater and the slope of the P L vs. P R curve increases ( Table 1 and Fig. 3 ). Since the muscle is much less stiff than the combined pericardium-muscle composite shell, the overall pressure dimension curve is much flatter with the pericardium open than closed (Fig. 2) .
This argument assumes that the right and left ventricular muscles have approximately the same elasticity. If the incision and suture line in the right ventricle greatly increased its effective stiffness, the pericardium would have been relatively less important. To understand this point, we examined two extreme cases. If the muscle were very compliant, like a sponge, it would contribute virtually nothing to the diastolic pressure, while the much stiffer pericardium would almost solely determine the diastolic pressure-dimension relationship. If, on the other hand, the myocardium were very stiff-like a steel shell -the relatively compliant pericardium would play little role in determining diastolic pressure. In other words, if the incision and sutures stiffened the right ventricle substantially, the pericardium would be even more important than our results indicate.
If the sutures in the right ventricle increased the wall's effective stiffness, right ventricular pressure at a given volume in our preparation would have been higher than in a normal heart. This higher pressure would require elevated left ventricular pressure to maintain the normal pressure gradient across the septum. To keep septal impingement from decreasing the left ventricular volume, the left ventricle would shift its diastolic pressure-dimension curve up, compared to a normal heart. If such a shift occurred in our preparation, it always would be present and the pericardial effects simply would be superimposed on this shifted curve.
Bemis et al." observed, after studying the isolated heart with intact pericardium, that, during severe acute right ventricular distention, elevated left ventricular end-diastolic pressure does not necessarily indicate an enlarged VOL. 42, No. 3, MARCH 1978 left ventricle. In addition, we found for the in vivo heart that acute right ventricular distention produced by pulmonary artery constriction elevated both right and left ventricular diastolic pressures, despite a decreased left ventricular size (Fig. 1) . We did not find this shift in the left ventricular pressure-dimension relationship on distending the right ventricle by pulmonary artery constriction after opening the pericardium. Major increases in diastolic pressure were not seen in either the right or left ventricles when the pericardium was open because each ventricle has a much flatter diastolic pressure-volume curve than the pericardium-myocardium composite shell. Therefore, the thin right ventricle can dilate substantially in response to increased afterload with only minimal increase in diastolic pressure.
Moulopoulos et al. 20 suggested that right ventricular filling affected left ventricular diastole only at relatively high right ventricular end-diastolic pressure. Bemis et al. 9 demonstrated that the right ventricle affects left ventricular filling and geometry over the entire range of end-diastolic pressures in isolated hearts with the two sides pumping in independent fluid circuits. We agree that some ventricular interaction persists after opening the pericardium but believe the pericardium greatly augments this interaction. Bemis et al. observed that, in the absence of a change in right ventricular filling, increments in left ventricular end-diastolic pressure always substantially augmented left ventricular stroke volume. In an in vivo heart such as that which we studied, volume infusion to increase left ventricular end-diastolic pressure must also pass through the right ventricle and hence increases right ventricular diastolic pressure and volume; this shifts the left ventricular diastolic pressurevolume curve up. This shift necessitates even larger pressure increments to produce a given increase in left ventricular end-diastolic volume. They also concluded that the pericardium does not play an important role at normal filling pressures because right ventricular filling pressure increments should produce equal or larger increments in left ventricular filling pressure. Whereas they did not detect such a relationship, we did ( Table 1 and Fig. 3) . They also suggested that if the pericardium was important, it should enhance the interaction between the two ventricles at higher filling pressures. At higher pressures, we observed higher correlation coefficients between PL and PH ( Table 2 ).
In addition to this direct coupling of diastolic pressure, the pericardium links both ventricles' systolic function so that afterload changes in one ventricle produce preload changes in both ventricles. Figure 1 shows that increasing right ventricular afterload by pulmonary artery constriction increases left ventricular diastolic pressure. Since the pericardium constrains both ventricles, when one ventricle dilates, it will affect the other ventricle. Increasing right ventricular afterload transiently decreases its stroke volume until dilation moves it high enough on its Frank-Starling curve to eject a stroke volume adequate to maintain cardiac output. As the right ventricle dilates, it compresses the left ventricle within the pericardial sac, decreasing left ventricular stroke volume by moving it down its Frank-Starling curve. 10 ' 20 ' 21 The right ventricle may maintain a nearly normal stroke volume in the face of mild increases in afterload without substantially reducing left ventricular stroke volume; with large increases in afterload, the right ventricle may not be able to dilate enough to maintain normal stroke volume or may dilate so much that it compresses the left ventricle within the pericardium (Fig. 1 ). In this case, heart rate must increase to maintain cardiac output. Cor pulmonale or massive pulmonary embolism provides clinical examples of this phenomenon ."•" Stool et al. 14 placed endocardial markers in dogs to show that decreased left ventricular volume with right ventricular dilation accompanied experimentally produced pulmonary hypertension. The pericardium was closed loosely after the endocardial markers were placed. They suggested that this decrease in volume results from septal bulging into the left ventricle. Our data confirm this interpretation and suggest that these hemodynamic changes would have been much less pronounced had the pericardium been left open.
If both left and right ventricular afterload increased simultaneously, the left ventricle would attempt to dilate to eject a normal stroke volume against the higher impedance through the Frank-Starling mechanism. Right ventricular dilation, however, requires the left ventricle to manifest more than the normal diastolic pressure increments to achieve the necessary increase in end-diastolic volume. These events seem likely to provide the hemodynamic mechanism for upward shifts in the left ventricular diastolic pressure-volume curve in humans that Alderman and Glantz 15 observed after they administered angiotensin. If either ventricle could dilate without regard to the other ventricle or the pericardium, angiotensin probably would produce little or no shift in the diastolic pressurevolume curve. Downward shifts of the left ventricular diastolic pressure-volume curve seen with vasodilators 25 " 27 may result both from increased venous capacitance, which decreases right ventricular filling, and reduced afterload, which decreases heart size.
The important role of the pericardium in coupling left and right ventricular pressures may explain some clinical findings which accompany acute respiratory failure. The increased pulmonary vascular resistance during acute respiratory failure 28 dilates the right ventricle just as it does in chronic respiratory failure. This right ventricular dilation restricts left ventricular filling in isolated 10 and in vivo hearts, despite elevated left ventricular diastolic pressure (Fig. 1) , and may reduce cardiac output in people with no other evidence of heart disease.
The pericardium has a substantial effect on the left ventricular diastolic pressure, even at normal diastolic pressures. Our results suggest that one should replace the traditional concept of the diastolic left ventricle as an unconstrained shell with a view of the diastolic heart as a composite shell of stiff pericardium and elastic muscle subdivided by the compliant interventricular septum.
